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A B S T R A C T   

Multiple drug resistance (MDR) is the major obstacle for both chemotherapy and molecular-targeted therapy for 
cancer, which is mainly caused by overexpression of ABC transporters or genetic mutation of drug targets. Based 
on previous studies, we hypothesized that ROS/Nrf2 is the common target for overcoming acquired drug 
resistance to both targeted therapy and chemotherapy treatments. In this study, we firstly proved that the levels 
of ROS and Nrf2 were remarkably up-regulated in both H1975 (Gefitinib-resistant lung cancer cells with T790M) 
and A549/T (paclitaxel-resistant) cells, which is consistent with the clinical database analysis results of lung 
cancer patients that Nrf2 expression level is negatively related to survival rate. Nrf2 Knockdown with siRNA or 
tangeretin (TG, a flavonoid isolated from citrus peels) inhibited the MDR cell growth by suppressing the Nrf2 
pathway, and efficiently enhanced the anti-tumor effects of paclitaxel and AZD9291 (the third generation of TKI) 
in A549/T or H1975, respectively. Moreover, TG sensitized A549/T cells-derived xenografts to paclitaxel via 
inhibiting Nrf2 and its downstream target P-gp, leading to an increased paclitaxel concentration in tumors. 
Collectively, targeting Nrf2 to enhance ROS may be a common target for overcoming the acquired drug resis
tance and enhancing the therapeutic effects of chemotherapy and molecular-targeted therapy.   

1. Introduction 

Lung cancer is one of the leading causes of mortality among cancer 
diseases, and non-small cell lung cancer (NSCLC) accounted for more 
than 85 % of patients with lung cancer. The first-line treatment is 
chemotherapy for NSCLC patients without apparent gene mutations or 
with unknown mutations. Recently targeted therapy such as tyrosine 
kinase inhibitor (TKIs) of the epidermal growth factor receptor (EGFR) 
targeting the EGFR mutation showed clinical benefits to special patients 
whose tumors harbor activating mutations within EFGR. However, 

acquired multidrug resistance (MDR) causes inefficacy of both chemo
therapies and targeted therapy, leading to treatment failure [1]. Over
coming multidrug resistance is of profound meaning but still a challenge 
all over the world. 

Overexpression of efflux transporters such as P-glycoprotein (P-gp) 
[2] is the most common molecular mechanism for MDR to chemo
therapy. Several P-gp inhibitors have been developed as MDR sensitizers 
[3] and are currently under clinical phased studies [4]. However, there 
are limited therapeutic effects in clinical trials for MDR sensitizer due to 
the less selectivity to specific transporter [5]. 
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Although EGFR-TKIs such as gefitinib and erlotinib have been 
effectively used for clinical treatment of NSCLC, most patients devel
oped resistance after 6–13 months TKIs treatment due to the develop
ment of secondary mutation (EGFR T790M) [6,7]. Recently, the third 
generation of EGFR inhibitors such as Osimertinib (AZD9291), rocile
tinib, and olmutinib, were developed for selectively binding to EGFR 
T790M mutation sites [8]. However, secondary resistance to 
third-generation inhibitors is now emerging in the literature [9], which 
may be related to further EGFR mutations and activation of other 
by-pass signaling pathways. As the underlying mechanisms are still 
unknown, efficient treatment for drug-resistance cancer is still a chal
lenge to overcome. 

Redox signaling is involved in physiological functions and the 
development of cancer. Redox balance plays an essential role in pro
tecting human healthy and regulating cellular metabolism and prolif
eration [10,11]. As we described previously, gefitinib-resistant NSCLC 
cells exhibit an extremely high level of ROS [12]. Moreover, the cellular 
antioxidant signal Nrf2 has been demonstrated to promote the survival 
of cancer cells against oxidative stress, chemotherapeutic agents, and 
radiotherapy. Nrf2 is activated in response to the EGFR gene mutations 
in NSCLC cells [13]. Therefore, we hypothesized that ROS/Nrf2 is the 
common target for acquired drug resistance to both targeted therapy and 
chemotherapy treatments. 

In this study, we investigated whether regulating redox balance via 
the Nrf2 pathway could be a common therapeutic targeting strategy to 
re-sensitize both efflux transporters overexpression and molecular tar
geted mutated drug resistance by using tangeretin (TG), a flavonoid 
isolated from citrus peels. In the previous study, we noticed that TG 
antagonized ABCB1-mediated MDR, but how it modulates the function 
of the transporter is remain unknown. Moreover, TG has been reported 
for its protective role in liver injury [14], renal injury [15], and arthritis 
[16] by activating Nrf2, while it is unclear the relationship between its 
effects on sensitizing MDR and Nrf2 pathway. EGFR double mutated 
lung cancer cell H1975 which are resistant to gefitinib (EGFR TKI) and 
paclitaxel (PTX) -resistant NSCLC cells A549T with P-gp overexpression 
were used as the typical MDR models for studying the reversal effects of 
tangeretin. Hopefully, the Nrf2 pathway inhibitor will be a novel strat
egy to overcome acquired drug resistance for both chemotherapy drugs 
and EGFR TKIs. 

2. Materials and methods 

2.1. Chemicals and reagents 

Tangeretin (C20H20O7, purity ≥ 98 % by HPLC detection), paclitaxel 
(C47H51NO14, purity > 99 % by HPLC detection), verapamil (Ver, 
C27H38N2O4.HCl, purity > 98 % by HPLC detection), tertiary butylhy
droquinone (tBHQ), and dimethylsulfoxide (DMSO) were purchased 
from Dalian Meilun Biology Technology Co., Ltd. The TG structure and 
purity were confirmed by LC-MS in our lab. RIPA lysis buffer (10 ×) and 
primary antibodies of GAPDH, Nrf2, P-gp were purchased from Cell 
Signaling Technology (Danvers, MA, United States). siRNAs targeting 
Nrf2 (si-Nrf2) were obtained from GenePharma (Shanghai, China). ROS 
probe, FBS, penicillin, streptomycin, Opti-MEM® I Reduced Serum 
Medium, Lipofectamine™ LTX Reagent, RNA extraction kit, Prolong® 
Gold Anti-fade Reagent with DAPI were bought from Invitrogen 
(Carlsbad, CA, United States). Taq DNA Polymerase Kit and cDNA syn
thesis kit were purchased from Roche (Basel, Switzerland). The plasmid 
extraction kit was purchased from Favogene (Ping-Tung, Taiwan). 

2.2. Cell lines and cell culture 

Human non-small cell lung cancer (NSCLC) cell lines NCI-H1819, 
A549, NCI-H1975, HCC827, and HCT-8 cell lines were purchased from 
ATCC. ABCB1-overexpressing drug-resistant cell line A549/T was pur
chased from KeyGen Biotech Co., Ltd. (Nanjing, China). All cell lines 

have been authenticated using Short Tandem Repeat (STR) DNA 
profiling. Cells were cultivated with RPMI 1640 medium supplemented 
with 10 % FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin 
(GIBCO, Paisley, Scotland) at 37 ◦C with a humidified atmosphere of 5 % 
CO2. To maintain drug resistance, A549/T cells were continuous expo
sure to 0.24 μM paclitaxel. 

2.3. MTT assay 

Cell viability was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- 
diphenyltetrazolium bromide) Assay. Briefly, 5000 cells/ well were 
seeded on a 96-well microplate and cultured overnight for cell adhesion. 
After treatment, MTT (5 mg/ml, 10 μl) solution was added to every well 
and incubated for 4 h. After solubilization of the formazan crystals, the 
colorimetric signal of the plate was measured at 570 nm (absorbance) 
and 650 nm (reference) using a microplate reader. The cell viability was 
calculated as the percentage change of the absorbance of the treated 
cells divided by the absorbance of the untreated cells. 

2.4. Reactive oxygen species detection 

The cellular ROS levels were determined by ROS Assay Kit using a 
cell-permeant fluorogenic dye 2′,7′-dichlorofluorescein diacetate 
(DCFDA). The cells were pre-treated with DCFDA at a working con
centration of 20 μM for 30 min at 37 ◦C. Then, the cells were incubated 
with test compounds or vehicle control for a specific duration followed 
by harvesting. The ROS level was measured with a flow cytometer with 
excitation and emission settings of 488 and 525 nm, respectively. 

2.5. Assessment of apoptosis levels via annexin V/PI staining 

After being harvested, cells were washed with PBS twice and re- 
suspended in the binding buffer. Then, the cells were stained with 
Annexin V-FITC and propidium iodide (PI) for 15 min at room temper
ature in the dark. The apoptotic cells were quantitatively counted with 
an Aria III flow cytometer. 

2.6. Immunofluorescence microscopy 

Cells grow on glass coverslips and culture overnight for cell adhe
sion. After treatment, the cells were fixed with 1 ml of 4 % PFA for 15 
min and then washed with PBS 3 times. Triton X-100 (1 ml of 0.1 %) was 
added to the cells and incubated for 5 min to penetrate the cell mem
brane. Cells were incubated with the primary antibody in blocking so
lution (1:500 dilution) at 4 ◦C overnight and washed 3 times with PBS. 
Then, the cells were incubated in a fluorochrome-conjugated secondary 
antibody that was diluted in the blocking solution (1:500) for 1 h at 
room temperature in the dark. Finally, cover slides were washed and 
fixed with Prolong® Gold Anti-fade Reagent with DAPI. The immuno
fluorescence images were captured with DeltaVision Live Cell Imaging 
System. 

2.7. Animal Xenograft model 

All animal studies were approved by the Animal Care and Use 
Committee at Guangzhou University of Chinese Medicine (No 
#ZYYL20150807). To build up the Xenograft model, A549/T cells were 
injected subcutaneously at the flank near the armpits of four-week-old 
female BALB/c nude mice. After tumor size approximately reached 
100 mm3 (day 0), mice were randomized into four groups (n = 6 per 
group): vehicle (control); PTX (15 mg/kg); TG (50 mg/kg) [17,18]; PTX 
with TG (15 mg/kg PTX and 50 mg/kg TG). The treatments were given 
via intraperitoneal injection (I.P.) every 3 days for a total of 9 doses. The 
tumor growth was monitored every 3 days and was calculated using the 
following equation: volume = (width2 × length)/2. At the end of the 
experiment, the blood and tumor were collected and immediately 

Y. Xie et al.                                                                                                                                                                                                                                      



Pharmacological Research 186 (2022) 106514

3

weight before storing at − 80 ◦C for further analysis. 

2.8. Immunohistochemical (IHC) analysis 

To examine the expression of Nrf2 in the tumor tissue samples, 4-μm- 
thick sections of tumors, which were fixed with 4 % paraformaldehyde, 
and permeabilized with 0.1 % Triton X-300 in PBS containing 5 % 
bovine serum albumin, were used for immunohistochemistry (IHC) 
analysis. The sections were incubated for 2 h with the primary antibody 
(0.5 μg/ml Nrf2 monoclonal antibody), and then incubated with diluted 
biotinylated goat anti-mouse antibody. Strept Avidin HRP and then 
Vector VIP Substrate (Vector Laboratories, Burlingame, CA) were used 
for staining as well as 4′6-diamino-2-phenylindole (DAPI). The image 
was captured by an inverted fluorescence microscope. 

2.9. Western blotting 

The protein concentration of cells lysate was determined by Bio-Rad 
DCTM Protein Assay Kit. Equal amounts of cell lysates (40 μg) were 
loaded and electrophoresed onto a 10–12 % SDS-PAGE gel. The sepa
rated proteins were transferred to a nitrocellulose (NC) membrane. After 
blocking with 5 % milk without fat in tris-buffered saline containing 0.1 
% of Tween20 (TBST) for 1 hr at room temperature, primary antibodies 

(1:1000 dilutions) were incubated overnight at 4 ◦C. After washing the 
membrane three times with TBST (5 min/wash), secondary fluorescent 
antibody (1:10,000 dilutions) was added to the membrane at room 
temperature and incubated for 1 hr. The signal intensity of the target 
proteins was detected by LI-COR Odyssey Scanner. 

2.10. UPLC-MS/MS analysis of paclitaxel 

Sample preparation and LC-MS determination were carried out ac
cording to our previously reported method [19]. The concentration of 
PTX in tumor fractions was analyzed with an Agilent 6460 Triple 
Quadrupole LC/MS System (Agilent Technologies, Inc., USA) using a 
Waters ACQUITY UPLC BEH C18 column (1.7 µm 2.1 × 50 mm; Waters, 
Torrance, CA). A linear gradient mobile phase which composed of 0.1 % 
formic acid water (A) and 0.1 % formic acid in methanol (B) was opti
mized according to the following gradient program:0–5 min (30 % B); 
5–7 min (30–55 % B);7–10 min (55–85 % B); 10–11 min (85–30 % B). 
The injection volume was 5 μl at 4 ◦C and the flow rate was 0.4 ml/min. 
Electrospray (ESI) source was used in positive ion mode. The source 
parameters were set as follows: capillary voltage, + 4000 V; fragment or 
voltage, 150 V; drying gas, 11 L/min; drying gas temperature, 325 ◦C; 
nebulizer gas pressure, 45 psi; and dwell time, 200 ms. M/Z for PTX is 
876.32/308.10 (CE 24 V), M/Z for docetaxel (Internal standard) is 

Fig. 1. ROS production as well as the expres
sion of Nrf2 in the gefitinib sensitive/resistant 
(sensitive cell H1819, HCC827, and resistant 
H1975) and paclitaxel sensitive/resistant (A549 
and A549/T) cancer cells. A) The basal ROS 
level increased in resistant cells in comparison 
with sensitive parental A549 cells; B) The pro
tein level of Nrf2 in two types of resistant lung 
cancer cells: gefitinib sensitive/resistant 
(H1819, HCC827, H1975) and paclitaxel sen
sitive/resistant (A549, A549/T); C) The patient 
survival rate is negatively related with the 
expression of Nrf2 based on the Kaplan Meier 
survival analysis of the Cancer Genome Atlas 
(TCGA) database. Data were presented as the 
mean ± SD (n = 4). ***P < 0.001 vs. A549 
group.   
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830.34/549.20 (CE 24 V). All UPLC–MS/MS data were obtained by 
Agilent ChemStation Software (v6.03). 

2.11. Statistical analysis 

All data were expressed as the means ± SEM of three independent 
experiments. Statistical analysis was determined using the one-way 
analysis of variance (ANOVA) or Student’s t-test with GraphPad Prism 
5, which was followed by Bonferroni’s test to compare all pairs of col
umns. The level of significance was set at P < 0.05 (*), < 0.01 (**) or <
0.001(***) for all tests. 

3. Results 

3.1. Reactive oxygen species (ROS) and Nrf2 were remarkably elevated 
in drug-resistant NSCLC 

Compared with sensitive A549 lung cancer cells, ROS was up- 
regulated in drug-resistant A549/T cells (Fig. 1A). Similarly, the EGFR 
TKI-resistant H1975 cells exhibited an extremely high ROS level than 
sensitive cancer cells in our previous report [12]. It is interesting that 
both resistant NSCLC cell models contained higher basal ROS levels than 
sensitive cancer cells. 

Excessive ROS level is detrimental to cells. So, we assumed that 
scavenging ability should be enhanced as well in resistant cancer cells to 
remove the increased intercellular ROS. As the key regulator of anti- 
oxidation, the expression of Nrf2 in resistant cancer cells was 
compared with sensitive cells. As shown in Fig. 1B, consistent with ROS 

results, Nrf2 was remarkably increased in both drug-resistant NSCLC 
cells A549/T and H1975. The increased levels of ROS and antioxidant 
ability indicated by the expression of Nrf2 are the common character
istics of resistant lung cancer cells. 

Furthermore, Kaplan Meier’s survival analysis of the Cancer Genome 
Atlas (TCGA) database of lung cancer patients suggested that Nrf2 
expression level is negatively related to survival rate (Fig. 1C), indi
cating that overexpression of Nrf2 protected tumor cells from cell death 
and was associated with poorer therapeutic effects. 

Therefore, these results suggested that overexpression of Nrf2 may 
be one of the common targets for overcoming drug resistance in NSCLC 
cancer cells. 

3.2. NRF2 knockdown inhibited the proliferation of resistant NSCLC cells 

To explore whether Nrf2 is essential for the proliferation of drug- 
resistant of lung cancer cells, siRNA was applied to knock down Nrf2. 
As shown in Figs. 2A, 2D and 2G, knockdown of Nrf2 significantly 
induced apoptosis and inhibited the growth of resistant A549/T cells. 
But knockdown of Nrf2 had only a minimal inhibition effect on the 
sensitive parental A549 cells (Figs. 2B, 2E and 2H). 

Similar results were obtained in H1975 which has been demon
strated to have a high level of Nrf2. Nrf2 knockdown blocked the growth 
of H1975 cells (Fig. 2C and F) as well as its phenotype (Fig. 2I). This 
discrimination between resistant and sensitive cancer cells suggested 
that regulating ROS balance conferred selectively cytotoxic to drug- 
resistant cancer cells. 

Moreover, we testified whether activation of Nrf2 could induce the 

Fig. 2. Knockdown of Nrf2 via siRNA plays anticancer activity. The markable apoptotic effect of siRNA-Nrf2 (A) on A549/T drug-resistant cancer cells (D and G), but 
not in the A549 cancer cells (B, E and H). Similarly, knockdown of Nrf2 via siRNA (C) induced the apoptosis of gefitinib resistant H1975 (F) as well as altered cell 
morphology images (I, original magnification × 200). Cell viability was assessed by MTT Assay. Data were presented as the mean ± SD (n = 3). **P < 0.01 vs. 
control group. 
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resistance of cancer cells to the treatment of PTX. In the sensitive 
parental A549 cells, the anti-cancer efficacy of PTX was mostly abro
gated after adding the Nrf2 activator tBHQ (Fig. 3A and B). Taken 
together, these results demonstrated that Nrf2 upregulation may be the 
potential target for overcoming the drug-resistant induced by PTX and 
EGFR-TKIs in lung cancer cells. 

3.3. Tangeretin overcomes the drug resistance via suppressing Nrf2 

To find an effective natural Nrf2 inhibitor, we screened our com
pounds library to identify the potential compounds. Tangeretin (TG), a 
flavonoid isolated from citrus peels, was selected based on the inhibition 
effect on Nrf2 and low toxicity in our primary study [17]. Both immu
nofluorescence (Fig. 4A) and western-blot (Fig. 4B) results presented the 
suppressive effect of TG on the overexpression of Nrf2, which is corre
sponding to the IC50 of TG in A549/T cells. 

Importantly, the co-treatment of TG could reverse the resistance to 
PTX (0.94 µM) and remarkably enhance the cytotoxic effect of PTX on 
A549/T cells by inhibiting the expression of Nrf2 as shown in Fig. 5 A 
and 5B. The percentage of apoptotic cells increased from 7.6% to 51.0 % 
after co-treatment of TG and PTX compared with PTX alone. 

Similarly, the activation of Nrf2 was suppressed by TG in H1975 cells 
which have a mutation in exon 20 (T790M) in a dose-dependent manner 
(Fig. 6A and B). TG at 20 µM significantly increased the percentage of 
apoptotic cells to 23.2 %. In contrast, AZD9291 (the third generation of 
EGFR TKI) at 4 µM only has a weak cytotoxic effect on H1975 cells by 
comparing with TG, indicating that TG may have a stronger antitumor 
effect on EGFR mutation NSCLC. Here, we also find the markable syn
ergetic effect of TG with AZD9291 in H1975 cells. As shown in Fig. 6C, 
co-treatment of TG with AZD9291 lead to about 59.8 % of apoptotic 
cells. 

Therefore, down-regulation of Nrf2 by TG overcame the resistance to 
A549/T and H1975 cells, and increased the cytotoxic effects of PTX and 
AZD9291 in the resistant lung cancer cells. 

3.4. TG increased the intracellular accumulation of drugs via suppressing 
Nrf2/P-gp 

Nrf2 plays a critical role in transcriptional upregulation of the 
expression of ABC transporter genes in resistant cancer cells [20–22]. To 
study the Nrf2-inhibition effects and anti-MDR mechanism of TG, we 
investigated the expression of P-gp in A549/T cells in the absence or 
presence of TG or Nrf2 si-RNA. As shown in Fig. 7A, knockdown of Nrf2 
via siRNA remarkably downregulated the expression of P-gp. Similarly, 
TG suppressed the expression of P-gp via inhibiting Nrf2 in a 

dose-dependent manner. 
P-gp overexpression, inducing the reflux of drugs, results in a low 

intercellular concentration, which is the most classic mechanism for the 
acquired resistance to chemotherapy in many cancers [23]. In Fig. 7C, 
the intracellular level of Rho123 which is the substrate of P-gp [24] was 

Fig. 3. Activation of Nrf2 by tBHQ leads to drug resistance in A549 cells. A) The IC50 value of PTX in the presence or absence of tBHQ (40 µM) in A549 cells; B) 
Treatment of tBHQ (40 µM) partially blocked the cytotoxic effect of PTX in A549 cells. Data were presented as the mean ± SD (n = 3). *P < 0.05, **P < 0.01, 
***P < 0.001 vs. PTX alone group. 

Fig. 4. Inhibition of Nrf2 by tangeretin (TG) induced apoptosis in drug- 
resistant A549/T cancer cells. TG suppressed the Nrf2 levels in A549/T cells 
with A) fluorescence macroscopy images and B) Western-Blot analysis. C) The 
IC50 value of TG, which is consistent with the dosage for suppressing Nrf2. Data 
were presented as the mean ± SD (n = 3). 
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low in A549/T under immunofluorescence microscopy due to the 
overexpression of P-gp. Here, both TG and verapamil increased the 
intracellular accumulation of Rho123 in A549/T. 

3.5. TG sensitized A549/T cells-derived xenografts to PTX via inhibiting 
Nrf2 

To demonstrate the anti-MDR effect of TG in vivo, an NSCLC PTX- 
resistant A549/T xenograft mouse model was applied in BALB/c-nu/ 
nu mice. As shown in Fig. 8, the tumors showed fast growth in the 
vehicle-treated group and TG group. The dose of PTX at 15 mg/kg which 

had shown therapeutic effects in several experiments [25,26] was used. 
PTX at 15 mg/kg did not affect the body weight of mice, indicating a 
well-tolerated dose of PTX. As expected, PTX alone did not slow the 
tumor growth. 

However, as shown in Fig. 8 A and B, TG sensitized drug-resistant 
tumors to PTX and remarkably enhanced the anti-cancer effects of 
PTX. Both tumor volume and weight were strikingly shrieked in the 
combination group. Moreover, TG could markedly decrease the protein 
level of Nrf2 in A549/T cells-derived xenografts as well as in the com
bination group (Fig. 8D). 

LC-MS detection also substantiated the inhibiting effect of TG on the 

Fig. 5. Tangeretin (TG) increased the cytotoxic effects of paclitaxel in resistant A549/T cells. A) TG alone (40 µM) or in combination with PTX (0.94 µM) signifi
cantly inhibited the expression of Nrf2.; and B) TG (40 µM) remarkably enhanced the cytotoxic effect of PTX (0.94 µM) on A549/T cells. Data were presented as the 
mean ± SD (n = 4). ***P < 0.001 vs. PTX alone group. 

Fig. 6. Tangeretin not only induced the apoptosis of H1975 cells, but also increased the cytotoxic effects of AZD9291(the third generation of EGFR-TKI) in gefitinib- 
resistant H1975 cells. The expression of Nrf2 was suppressed by TG in H1975 cells in a dose-dependent manner as shown in A) fluorescence macroscopy images and 
B) Western-Blot analysis. C) Tangeretin at 20 µM induced the apoptosis of H1975 cells which is stronger than the effect of AZD9291 at 4 µM, while co-treatment of TG 
and AZD9291 showed synergistic anti-tumor effects in H1975 cells. Data were presented as the mean ± SD (n = 3). **P < 0.01, vs. control group; ***P < 0.001 vs. 
AZD alone group. 
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overexpression of Nrf2/P-gp in the tumors of A549/T xenografts. 
Compared to the PTX given alone group, co-treatment of TG increased 
the tumor concentration of PTX approximately 3-fold (Fig. 8E). 

Therefore, suppression of Nrf2 could sensitize the drug-resistant 
NSCLC cells to chemotherapy and TKIs in vitro and in vivo, while TG 
as an Nrf2 inhibitor has the potential as a novel MDR sensitizer. 

4. Discussion 

Today, despite the new chemotherapy agents or target therapy 
medicines growing, drug resistance continues to be a serious problem in 
the field of cancer, which is related to 90% of failures in the chemo
therapy [27]. The acquired resistance in both chemotherapy and tar
geted therapies can be major caused by two mechanisms which are the 
alterations in drug transport and/or metabolism, mutation, and/or 
amplification of drug targets. However, what is the common mechanism 
leads to the alteration of drug transporter and secondary mutation? In 
the previous studies [12,19], we noticed a common feature in both ac
quired drug resistance to chemotherapy and EFGR-TKIs. Therefore, for 
the first time as we know, we hypothesized that ROS/Nrf2 may be the 
common target for overcoming drug resistance. In this study, we 
demonstrated that the surge of ROS and up-regulation of Nrf2 are 
commonly observed in two different drug-resistant NSCLC with efflux 
transporters overexpression or secondary EGRF mutation, which could 
be the target for different kind of drug resistance acquired in cancer 
treatment. 

Generally, ROS enhances apoptosis and autophagy for non-MDR 
cancer cells [28]. However, our previous work has identified that the 
basal ROS levels in EGFR(T790M)-containing TKI-resistant NSCLC cell 
lines were substantially high compared to non-MDR cancer and normal 
cells [12,29] The role of ROS in developing resistance to anti-cancer 
drugs has been well-proposed: i) elevated ROS exhausts cellular 
reducing agents, like glutathione which serves as a cofactor in facili
tating MDR protein-mediated drug efflux and thus conferred resistance 
to anti-cancer drug toxicity [30]; ii) ROS could induce genetic instability 
and lead to further DNA mutations [31,32]. In response to the excess of 

intercellular ROS which may lead to cell death, resistance cancer cells 
had increased Nrf2 to against the electrophiles and oxidants and 
enhanced the survival of cells, which may be the reason for the 
“apoptosis evasion” of MDR cancer cells. Therefore, Nrf2 possessed great 
potential as a target for breaking the balance of oxidative stress and 
antioxidant defense within drug-resistant cancer cells, leading to cell 
apoptosis. Here, from in vitro and in vivo studies, we demonstrated that 
regulating ROS through inhibiting Nrf2 is effective and promising for 
anti-drug resistance in different cancer therapies. 

Moreover, Nrf2, a pivotal transcriptional factor, is well known for 
regulating the expression of efflux transporters, such as MRP family 
members [33]. Recently, a positive correlation between Nrf2 and P-gp 
was observed in both colorectal cancer [34] and gastric cancer patients 
[35]. However, few studies demonstrated the direct regulation of P-gp 
by Nrf2 in lung cancer. In this study, we found that knock-down or 
suppression of Nrf2 could reduce the P-gp level, which helps to explain 
the role of ROS in modulating efflux transporters in drug-resistant 
cancer cells. Consistently, inhibition of Nrf2 enhanced the efficacy of 
anti-cancer drugs by accumulating its intercellular concentrations in 
drug-resistant tumors. 

TG, a flavone in tangerine peels, showed multiple pharmacological 
effects such as antioxidative and anti-inflammatory. It promoted the 
expression of Nrf2 and inhibited the expression of KEAP1, which con
tributes to its protective role in liver injury [14], renal injury[15], and 
arthritis [16]. Nrf2 activators showed beneficial effects on many chronic 
diseases that are underlined by oxidative stress and inflammation [36]. 
However, Nrf2 is overexpressed in many tumors and contributes to 
resistance to chemotherapy and TKIs. Here, we found that TG was an 
inhibitor of Nrf2 in drug-resistant cancer cells. In the literature, natural 
compounds such as luteolin [37] and wogonin [38] were reported to 
inhibit Nrf2, but they also elicited Nrf2 activation [39]. Keap1, a sensor 
for the degradation of Nrf2 protein, has many highly reactive thiols 
which are the targets of oxidative stresses or compounds. Moreover, the 
substrate adapter component of the E3 ligase (Keap1-Cul3 complex) and 
the thiol groups of Keap1 are directly modified by the stimuli, as a 
unique feature of Keap1-Nrf2 pathway [40,41]. All these characteristics 

Fig. 7. TG suppressed the Nrf2/P-gp pathways. A) knockdown of Nrf2 via siRNA reduced the expression of P-gp; B) TG also inhibited the expression of P-gp. C) TG 
enhanced the accumulation of Rho123, the substrate of P-gp in A549/T cells. Verapamil (VER), the inhibitor of P-gp, was used as the positive control. Data were 
presented as the mean ± SD (n = 3). 
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make the response of Keap1–Nrf2 pathway varied in different diseases, 
and also provide different targets for modulating the keap1-Nrf2 inter
action by natural compounds. 

Therefore, Nrf2 inhibitor TG and si-RNA have the great potential to 
be developed as a combination therapy for use with PTX or EFGR-TKIs. 

CRediT authorship contribution statement 

Conceptualization and study design: Ying Xie, Xing-Xing Fan, Hua 
Zhou; Methodology: Ying Xie, Elaine Lai-Han Leung; acquisition of data: 
Sen-ling Feng, Fang He, Xing-Xing Fan; analysis and interpretation of 
data: Ying Xie, Pei-Yu Yan, Xiao-Jun Yao, Hua Zhou; Writing – review & 
editing, and/or revision of the manuscript: Ying Xie, Xing-Xing Fan; 
Funding acquisition: Ying Xie, Xing-Xing Fan. All authors have read and 
agreed to the published version of the manuscript. 

Conflicts of interest 

All authors declared there are no conflicts of interest. 

Data Availability 

Data will be made available on request. 

Acknowledgments 

This work was supported by grants from the Science and Technology 
Development Fund of Macao (Project code: 0067/2019/A2, 0075/ 
2019/AMJ) to Ying Xie and (Project code: 003/2018/A1, 0058/2020/ 
A2) to Xing-Xing Fan. 

Fig. 8. Tangeretin (TG) increased the anti-cancer therapeutic effects of paclitaxel (PTX) in vivo in A549/T xenograft model. Co-treatment of TG (50 mg/kg) with PTX 
significantly reduced the tumor size (A), tumor volume (B) and tumor weight (C), and delayed the growth of the tumor, while PTX (15 mg/kg) alone have no 
anticancer effects (n = 9). D) IHC and Western-Blot analysis showed that TG remarkably down-regulated the Nrf2 level in mouse tumor tissues; F) TG significantly 
enhanced the concentrations of PTX in the xenograft tumors. Data were presented as the mean ± SD (n = 9). *P < 0.05, vs. PTX alone group. 

Y. Xie et al.                                                                                                                                                                                                                                      



Pharmacological Research 186 (2022) 106514

9

References 

[1] C. Holohan, S. Van Schaeybroeck, D.B. Longley, P.G. Johnston, Cancer drug 
resistance: an evolving paradigm, Nat. Rev. Cancer 13 (10) (2013) 714–726. 

[2] C.P. Wu, A.M. Calcagno, S.V. Ambudkar, Reversal of ABC drug transporter- 
mediated multidrug resistance in cancer cells: evaluation of current strategies, 
Curr. Mol. Pharm. 1 (2) (2008) 93–105. 

[3] W. Ma, S. Feng, X. Yao, Z. Yuan, L. Liu, Y. Xie, Nobiletin enhances the efficacy of 
chemotherapeutic agents in ABCB1 overexpression cancer cells, Sci. Rep. 5 (2015) 
18789. 

[4] Y.H. Choi, A.M. Yu, ABC transporters in multidrug resistance and 
pharmacokinetics, and strategies for drug development, Curr. Pharmaceut. Des. 20 
(5) (2014) 793–807. 

[5] S. Karthikeyan, S.L. Hoti, Development of fourth generation ABC inhibitors from 
natural products: a novel approach to overcome cancer multidrug resistance, 
Anticancer Agents Med. Chem. 15 (5) (2015) 605–615. 

[6] S. Wang, S. Cang, D. Liu, Third-generation inhibitors targeting EGFR T790M 
mutation in advanced non-small cell lung cancer, J. Hematol. Oncol. 9 (2016) 34. 

[7] L. Huang, L. Fu, Mechanisms of resistance to EGFR tyrosine kinase inhibitors, Acta 
Pharm. Sin. B 5 (5) (2015) 390–401. 

[8] D. Westover, J. Zugazagoitia, B.C. Cho, C.M. Lovly, L. Paz-Ares, Mechanisms of 
acquired resistance to first- and second-generation EGFR tyrosine kinase inhibitors, 
Ann. Oncol. 29 (Suppl_1) (2018) Si10–Si19. 

[9] C. Ricordel, L. Friboulet, F. Facchinetti, J.C. Soria, Molecular mechanisms of 
acquired resistance to third-generation EGFR-TKIs in EGFR T790M-mutant lung 
cancer, Ann. Oncol. 29 (Suppl_1) (2018) Si28–Si37. 

[10] J. Kim, J.S. Bae, ROS homeostasis and metabolism: a critical liaison for cancer 
therapy, Exp. Mol. Med. 48 (11) (2016), e269. 

[11] M. Hultqvist, L.M. Olsson, K.A. Gelderman, R. Holmdahl, The protective role of 
ROS in autoimmune disease, Trends Immunol. 30 (5) (2009) 201–208. 

[12] E.L. Leung, X.X. Fan, M.P. Wong, Z.H. Jiang, Z.Q. Liu, X.J. Yao, L.L. Lu, Y.L. Zhou, 
L.F. Yau, V.P. Tin, L. Liu, Targeting tyrosine kinase inhibitor-resistant non-small 
cell lung cancer by inducing epidermal growth factor receptor degradation via 
methionine 790 oxidation, Antioxid. Redox Signal. 24 (5) (2016) 263–279. 

[13] T. Yamadori, Y. Ishii, S. Homma, Y. Morishima, K. Kurishima, K. Itoh, 
M. Yamamoto, Y. Minami, M. Noguchi, N. Hizawa, Molecular mechanisms for the 
regulation of Nrf2-mediated cell proliferation in non-small-cell lung cancers, 
Oncogene 31 (45) (2012) 4768–4777. 

[14] F. Liang, Y. Fang, W. Cao, Z. Zhang, S. Pan, X. Xu, Attenuation of terT-butyl 
Hydroperoxide (t-BHP)-induced oxidative damage in HepG2 cells by tangeretin: 
relevance of the Nrf2-ARE and MAPK signaling pathways, J. Agric. Food Chem. 66 
(25) (2018) 6317–6325. 

[15] S. Nazari Soltan Ahmad, N. Rashtchizadeh, H. Argani, L. Roshangar, 
A. Ghorbanihaghjo, D. Sanajou, F. Panah, Z. Ashrafi Jigheh, S. Dastmalchi, 
A. Kalantary-Charvadeh, Tangeretin protects renal tubular epithelial cells against 
experimental cisplatin toxicity, Iran. J. Basic Med. Sci. 22 (2) (2019) 179–186. 

[16] X. Li, P. Xie, Y. Hou, S. Chen, P. He, Z. Xiao, J. Zhan, D. Luo, M. Gu, D. Lin, 
Tangeretin inhibits oxidative stress and inflammation via upreguLating Nrf-2 
signaling pathway in collagen-induced arthritic rats, Pharmacology 104 (3–4) 
(2019) 187–195. 

[17] S.L. Feng, Z.W. Yuan, X.J. Yao, W.Z. Ma, L. Liu, Z.Q. Liu, Y. Xie, Tangeretin, a citrus 
pentamethoxyflavone, antagonizes ABCB1-mediated multidrug resistance by 
inhibiting its transport function, Pharm. Res. 110 (2016) 193–204. 

[18] Z.W. Yuan, Y.Z. Li, Z.Q. Liu, S.L. Feng, H. Zhou, C.X. Liu, L. Liu, Y. Xie, Role of 
tangeretin as a potential bioavailability enhancer for silybin: pharmacokinetic and 
pharmacological studies, Pharm. Res. 128 (2018) 153–166. 

[19] S.L. Feng, Y. Tian, S. Huo, B. Qu, R.M. Liu, P. Xu, Y.Z. Li, Y. Xie, Nobiletin 
potentiates paclitaxel anticancer efficacy in A549/T xenograft model: 
pharmacokinetic and pharmacological study, Phytomedicine 67 (2020), 153141. 

[20] X. Wang, C.R. Campos, J.C. Peart, L.K. Smith, J.L. Boni, R.E. Cannon, D.S. Miller, 
Nrf2 upregulates ATP binding cassette transporter expression and activity at the 
blood-brain and blood-spinal cord barriers, J. Neurosci. 34 (25) (2014) 
8585–8593. 

[21] G. Sita, P. Hrelia, A. Tarozzi, F. Morroni, P-glycoprotein (ABCB1) and oxidative 
stress: focus on Alzheimer’s disease, Oxid. Med. Cell. Longev. 2017 (2017) 
7905486. 

[22] L. Gao, Y. Morine, S. Yamada, Y. Saito, T. Ikemoto, K. Tokuda, C. Takasu, 
K. Miyazaki, M. Shimada, Nrf2 signaling promotes cancer stemness, migration, and 
expression of ABC transporter genes in sorafenib-resistant hepatocellular 
carcinoma cells, PLoS One 16 (9) (2021) (e0256755-e0256755). 

[23] Q. Ding, P. Niu, Y. Zhu, H. Chen, D. Shi, Cardamonin inhibits the expression of P- 
glycoprotein and enhances the anti-proliferation of paclitaxel on SKOV3-Taxol 
cells, J. Nat. Med. 76 (1) (2022) 220–233. 

[24] S.D. Lee, J.A. Osei-Twum, K.M. Wasan, Dose-dependent targeted suppression of P- 
glycoprotein expression and function in Caco-2 cells, Mol. Pharmaceut. 10 (6) 
(2013) 2323–2330. 

[25] S.-T. Huang, Y.-P. Wang, Y.-H. Chen, C.-T. Lin, W.-S. Li, H.-C. Wu, Liposomal 
paclitaxel induces fewer hematopoietic and cardiovascular complications than 
bioequivalent doses of Taxol, Int. J. Oncol. 53 (3) (2018) 1105–1117. 

[26] M.L. Han, Y.F. Zhao, C.H. Tan, Y.J. Xiong, W.J. Wang, F. Wu, Y. Fei, L. Wang, Z. 
Q. Liang, Cathepsin L upregulation-induced EMT phenotype is associated with the 
acquisition of cisplatin or paclitaxel resistance in A549 cells, Acta Pharm. Sin. 37 
(12) (2016) 1606–1622. 

[27] B. Mansoori, A. Mohammadi, S. Davudian, S. Shirjang, B. Baradaran, The different 
mechanisms of cancer drug resistance: a brief review, Adv. Pharmaceut. Bull. 7 (3) 
(2017) 339–348. 

[28] P. Wu, T. Yu, J. Wu, J. Chen, Licochalcone a induces ROS-mediated apoptosis 
through TrxR1 inactivation in colorectal cancer cells, BioMed Res. Int. 2020 (2020) 
5875074. 

[29] Q. Cui, J.Q. Wang, Y.G. Assaraf, L. Ren, P. Gupta, L. Wei, C.R. Ashby Jr., D.H. Yang, 
Z.S. Chen, Modulating ROS to overcome multidrug resistance in cancer, Drug 
Resist. Updates 41 (2018) 1–25. 

[30] H.H. Chen, M.T. Kuo, Role of glutathione in the regulation of Cisplatin resistance in 
cancer chemotherapy, Met.-Based Drugs 2010 (2010). 

[31] N. Suematsu, H. Tsutsui, J. Wen, D. Kang, M. Ikeuchi, T. Ide, S. Hayashidani, 
T. Shiomi, T. Kubota, N. Hamasaki, A. Takeshita, Oxidative stress mediates tumor 
necrosis factor-alpha-induced mitochondrial DNA damage and dysfunction in 
cardiac myocytes, Circulation 107 (10) (2003) 1418–1423. 

[32] X. Chen, S.A. Kamranvar, M.G. Masucci, Oxidative stress enables Epstein-Barr 
virus-induced B-cell transformation by posttranscriptional regulation of viral and 
cellular growth-promoting factors, Oncogene 35 (29) (2016) 3807–3816. 

[33] I.C. Salaroglio, E. Panada, E. Moiso, I. Buondonno, P. Provero, M. Rubinstein, 
J. Kopecka, C. Riganti, PERK induces resistance to cell death elicited by 
endoplasmic reticulum stress and chemotherapy, Mol. Cancer 16 (1) (2017) 91. 

[34] M.R. Sadeghi, F. Jeddi, N. Soozangar, M.H. Somi, M. Shirmohamadi, V. Khaze, 
N. Samadi, Nrf2/P-glycoprotein axis is associated with clinicopathological 
characteristics in colorectal cancer, Biomed. Pharmacother. 104 (2018) 458–464. 

[35] F. Jeddi, N. Soozangar, M.R. Sadeghi, M.H. Somi, M. Shirmohamadi, A.T. Eftekhar- 
Sadat, N. Samadi, Nrf2 overexpression is associated with P-glycoprotein 
upregulation in gastric cancer, Biomed. Pharmacother. 97 (2018) 286–292. 

[36] N. Robledinos-Antón, R. Fernández-Ginés, G. Manda, A. Cuadrado, Activators and 
inhibitors of NRF2: a review of their potential for clinical development, Oxid. Med. 
Cell. Longev. 2019 (2019) 9372182. 

[37] X. Tang, H. Wang, L. Fan, X. Wu, A. Xin, H. Ren, X.J. Wang, Luteolin inhibits Nrf2 
leading to negative regulation of the Nrf2/ARE pathway and sensitization of 
human lung carcinoma A549 cells to therapeutic drugs, Free Radic. Biol. Med. 50 
(11) (2011) 1599–1609. 

[38] Y. Zhong, F. Zhang, Z. Sun, W. Zhou, Z.Y. Li, Q.D. You, Q.L. Guo, R. Hu, Drug 
resistance associates with activation of Nrf2 in MCF-7/DOX cells, and wogonin 
reverses it by down-regulating Nrf2-mediated cellular defense response, Mol. 
Carcinog. 52 (10) (2013) 824–834. 

[39] A.K. Pandurangan, S.K. Ananda Sadagopan, P. Dharmalingam, S. Ganapasam, 
Luteolin, a bioflavonoid inhibits Azoxymethane-induced colorectal cancer through 
activation of Nrf2 signaling, Toxicol. Mech. Methods 24 (1) (2014) 13–20. 

[40] K. Taguchi, H. Motohashi, M. Yamamoto, Molecular mechanisms of the 
Keap1–Nrf2 pathway in stress response and cancer evolution, Genes Cells 16 (2) 
(2011) 123–140. 

[41] Q. Zhang, Z.Y. Zhang, H. Du, S.Z. Li, R. Tu, Y.F. Jia, Z. Zheng, X.M. Song, R.L. Du, 
X.D. Zhang, DUB3 deubiquitinates and stabilizes NRF2 in chemotherapy resistance 
of colorectal cancer, Cell Death Differ. 26 (11) (2019) 2300–2313. 

Y. Xie et al.                                                                                                                                                                                                                                      

http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref1
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref1
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref2
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref2
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref2
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref3
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref3
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref3
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref4
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref4
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref4
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref5
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref5
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref5
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref6
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref6
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref7
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref7
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref8
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref8
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref8
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref9
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref9
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref9
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref10
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref10
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref11
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref11
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref12
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref12
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref12
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref12
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref13
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref13
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref13
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref13
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref14
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref15
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref15
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref15
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref15
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref16
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref16
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref16
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref16
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref17
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref17
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref17
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref18
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref18
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref18
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref19
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref19
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref19
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref20
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref20
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref20
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref20
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref21
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref21
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref21
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref22
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref22
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref22
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref22
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref23
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref23
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref23
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref24
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref24
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref24
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref25
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref25
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref25
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref26
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref26
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref26
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref26
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref27
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref27
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref27
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref28
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref28
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref28
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref29
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref29
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref29
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref30
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref30
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref31
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref31
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref31
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref31
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref32
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref32
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref32
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref33
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref33
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref33
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref34
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref34
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref34
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref35
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref35
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref35
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref36
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref36
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref36
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref37
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref37
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref37
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref37
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref38
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref38
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref38
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref38
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref39
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref39
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref39
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref40
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref40
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref40
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref41
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref41
http://refhub.elsevier.com/S1043-6618(22)00460-1/sbref41

	Down-regulating Nrf2 by tangeretin reverses multiple drug resistance to both chemotherapy and EGFR tyrosine kinase inhibito ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Cell lines and cell culture
	2.3 MTT assay
	2.4 Reactive oxygen species detection
	2.5 Assessment of apoptosis levels via annexin V/PI staining
	2.6 Immunofluorescence microscopy
	2.7 Animal Xenograft model
	2.8 Immunohistochemical (IHC) analysis
	2.9 Western blotting
	2.10 UPLC-MS/MS analysis of paclitaxel
	2.11 Statistical analysis

	3 Results
	3.1 Reactive oxygen species (ROS) and Nrf2 were remarkably elevated in drug-resistant NSCLC
	3.2 NRF2 knockdown inhibited the proliferation of resistant NSCLC cells
	3.3 Tangeretin overcomes the drug resistance via suppressing Nrf2
	3.4 TG increased the intracellular accumulation of drugs via suppressing Nrf2/P-gp
	3.5 TG sensitized A549/T cells-derived xenografts to PTX via inhibiting Nrf2

	4 Discussion
	CRediT authorship contribution statement
	Conflicts of interest
	Data Availability
	Acknowledgments
	References


